ABSTRACT: A pollen morphological study was conducted using light and scanning electron microscopy involving six species belonging to the subtribe Neoguillauminiinae. Pollen samples from the six species are tricolporate, and the colpi are surrounded by broad margo, with the widest width in the equator, narrower toward the pole, and rounded at the end. Based on the pollen morphology, pollen of the species in the subtribe Neoguillauminiinae were divided into four types: the Neoguillauminia type (T1), the C. collinus type (T2), the C. casuarinoides type (T3) and the C. paucifolius type (T4). The generic divergence between Neoguillauminia and Calycopeplus was supported by the pollen characters of the size, amb and lumina shape. In particular, the traits of rounded shape in the outline of the polar view and circular lumina, which appear only in the pollen grains of N. cleopatra, support the recognition of Neoguillauminia as a monotypic genus. Calycopeplus oligandrus and C. paucifolius had the same reticulate pattern of pollen grains, supporting Forster's hypothesis that these two species are closely related. On the other hand, the close relationship between the morphologically similar C. collinus and C. casuarinoides was not supported by the pollen characters. Within the subtribe there are two equally parsimonious hypotheses regarding the evolution of exine characters. The first consists of two changes of microreticulate through parallel evolution from the primitive reticulate exine, and the second is that the microreticulate pattern is differentiated from the reticulate state and then reversed to reticulate pollen grains.
Subtribe Neoguillauminiinae Croizat of the tribe Euphorbieae Blume was described by Croizat (1937) on the basis of genus Neoguillauminia Croizat which is a monotypic New Caledonian genus. Webster (1975) then included Calycopeplus Planchon, an endemic genus of Australia, in subtribe Neoguillauminiinae, based on the shared feature such as pseudopetals being developed from involucral bracts. Unlike Neoguillauminia, Calycopeplus, an Australian endemic genus, has four cyathial glands, small involucral bracts and opposite leaves, and recently five species have been reported by Forster (1995) . According to the most recent classification system, the tribe Euphorbieae is divided into three subtribes, Anthosteminae (Baillon) Webster, Neoguillauminiinae and Euphorbiinae Hurusawa, and six species, N. cleopatra (Baill.) Croizat, C. casuarinoides L. S. Sm., C. collinus P. I. Forster, C. marginatus Benth., C. oligandrus P. I. Forster, and C. paucifolius (Klotzsch) Baill., placed into subtribe Neoguillauminiinae (Webster, 1994; Forster, 1995) .
Recent phylogenetic analysis based on morphological and molecular data strongly support monophyly of subtribe Neoguillauminiinae and the sister-group relationship between Neoguillauminia and Calycopeplus (Park and Backlund, 2002; Steinmann and Porter, 2002) . Although Neoguillauminia and Calycopeplus belong to the same subtribe, traditionally Calycopeplus has been regarded as closely related to Euphorbia (Forster, 1995) or has been considered as direct ancestor of Euphorbia of the subtribe Euphorbiinae (Croizat, 1937) .
Except for a limited pollen study in subtribe Neoguillauminiinae (Park and Lee, 2013; Suárez-Cervera et al., 2001 ), a thorough investigation of pollen morphology and systematic relationship based on pollen characters has not been undertaken. Previous study showed that the pollen grains of subtribe *Author for correspondence: park@kyungnam.ac.kr http://e-kjpt.org, © 2019 the Korean Society of Plant Taxonomists. This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Ki-Ryong PARK Neoguillauminiinae were subprolate and microreticulate in N. cleopatra, and the foot layer was thick and continuous in C. paucifolius (Park and Lee, 2013) . Suárez-Cervera et al. (2001) suggested that the presence of the big granulae in the inner part of fissured endexine should be a synapomorphic character among species in subtribe Neoguillauminiinae. The aim of this study is to describe the types of pollen morphology among all the species in subtribe Neoguillauminiinae, and propose a pollen character evolution within the subtribe.
Materials and Methods
Pollen grains of all six species in the subtribe Neoguillauminiinae were obtained from the herbarium specimens and their information were cited according to the recent code (Thiers, 2018) (Table 1) . Pollen grains were acetolysed using the methods presented by Erdtman (1960) . The polar length, equatorial diameter and colpus length were measured from more than 10 pollen grains per species under the light microscopy (LM), and the mean value and its ranges were used (Table 1) . To observe by scanning electron microscopy (SEM), acetolysed pollen grains were coated with Au-Pd for 1 min under 0.1 Torr by ion-sputter. Pollen grains were examined with FE-SEM, Hitachi S-4200. SEM photographs were used to observe the exine scrupturing pattern, and the widths of lumina and muri were measured for each of 10 samples, and their average values were calculated (Figs. 1, 2, Table 1 ). The terminology for the pollen characters follows Punt et al. (2007) .
In order to propose an evolutionary hypothesis of pollen character, a parsimonious interpretation was made by applying pollen characters to the simplified phylogenetic relationships proposed by Steinmann and Porter (2002) .
Results
Pollen grains of subtribe Neoguillauminiinae have polar length that ranges from 27.5 to 58.7 µm, equatorial diameters that range from 31.3 to 45.0 um, and are suboblate to subprolate (P/E = 0.85-1.28). Amb shapes of the subtribe were semiinterangular or circular. All six species of subtribe Neoguillauminiinae are tricolporate, and the colpi were surrounded by a broad margo, with the widest width in the equator, narrower toward the pole, and rounded at the end (Figs. 1, 2).
Three exine scrupturing patterns are present. Three of six species in this subtribe are microreticulate while the remaining three species have reticulate or perforate pollen grains (Figs. 1, 2, Table 1 ). Monotypic Neoguillauminia has a microreticulate pollen grains with small and sparsely distributed supratectal elements (Fig. 2F) .
Two equally parsimonious reconstructions (Fig. 3A , B) were obtained by placing exine character states in a recent molecular phylogenetic tree (Steinmann and Porter, 2002) to investigate the change of pollen character states in subtribe Neoguillauminiinae.
Based on the pollen characters observed using LM, SEM and previous transmission electron microscope studies (Park and Lee, 2013) , six species belonging to subtribe Neoguillauminiinae were distinguished into four pollen types.
Descriptions of pollen types All units in µm. P/E, the ratio of the length of the polar axis (P) to the equatorial diameter (E).
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at the equator, tapered toward the poles. Exine sculpture microreticulate, lumina circular, 0.81 µm in diameter. The muri 0.66 µm wide with small supratectal elements. Species included: Neoguillauminia cleopatra (Fig. 2E, F , Table 1 ).
2. T2: C. collinus Type Pollen grains 3-colporate, subprorate to suboblate. P = 27.5-40.0 µm, E = 31.3-36.3 µm. Amb shape semi-interangular. Colpi 20.0-32.5 µm long with rounded ends, margins of colpi smooth, thick at the equator, tapered toward the poles. Exine sculpture microreticulate, lumina shape irregular or round, 0.62-0.64 µm in diameter. The muri 0.59-0.61 µm mostly lacking supratectal elements.
Species included: Calycopeplus collinus (Fig. 1A, B , Table  1 ), C. marginatus (Fig. 1C, D, Table 1 ). Species included: Calycopeplus casuarinoides (Fig. 1E, F , Table 1 ).
T4: C. paucifolius Type
Pollen grains 3-colporate, subprorate to prolate-spheroidal. P = 35.0-50.0 µm, E = 30.0-40.0 µm. Amb shape semi-interangular. Colpi 22.5-37.5 µm long with rounded ends, margins of colpi smooth, sunken, thick at the equator, tapered toward the poles. Exine structure reticulate, lumina shape irregular, 1.33-2.16 µm in diameter. The muri 0.39-0.58 µm wide.
Species included: Calycopeplus oligandrus ( Fig. 2A, B , Table 1 ), C. paucifolius (Fig. 2C, D, Table 1 ). 
Discussion
Pollen morphology and its systematic significance in the subtribe Neoguillauminiinae Webster (1975) first classified the tribe Euphorbieae, which consisted of about 2,000 species, into three subtribes, Anthosteminae, Neoguillauminiinae and Euphorbiinae. Recently phylogenetic studies using molecular data (Steinmann and Porter, 2002) have also supported the monophyly of Webster's three subtribes. However, analyses using morphological data only recovered Neoguillauminiinae and Euphorbiinae clades (Park and Backlund, 2002) . Besides, the previous pollen studies (Park and Lee, 2013) and these results do not support such taxonomic treatments, indicating that pollen differentiation and molecular divergence do not concordant at the subtribe level in tribe Euphorbieae. However, the character of the well-developed sunken margo at the edge of colpi is an important evidence that species belonging to Neoguillauminiinae are included in the tribe Euphorbieae.
Within the subtribe Neoguillauminiinae sister-group relationship between Neoguillauminia and Calycopeplus (Park and Backlund, 2002; Steinmann and Porter, 2002) was proposed, and pollen characters such as size, amb and lumina shape support the significant divergence between above two genera. In particular, the traits of circular lumina and circular shape in polar view, which appear only in the pollen grains of N. cleopatra, support the recognition of Neoguillauminia as a monotypic genus by Croizat (1937) .
Calycopeplus, the endemic genus of Australia, was described by Planchon (1861) on the basis of C. ephedroides (= C. paucifolius), Baillon (1866) and Bentham (1873) recognized this genus and added another species, C. marginatus. Recently, the first revision of Calycopeplus based on the morphological traits was performed by Forster (1995) , and he described five species including two new species, C. collinus and C. oligandrus, in this genus.
Calycopeplus collinus, the endemic species of Northern Territory in Australia, is morphologically closely related to C. casuarinoides, but has been described as a new species with distinct differences in habit and length of involucre lobes. On the other hand, C. oligandrus is closely related to C. paucifolius but is distinguished from other species by very small involucres with few-flowered male clusters (Forster, 1995) .
According to the pollen morphology of five species belonging to Calycopeplus, three pollen types were recognized. Among them, C. oligandrus and C. paucifolius belonging to C. paucifolius type had the same reticulate pattern, supporting the Forster's hypothesis that these two species have a close relationship. On the other hand, the morphologically similar Calycopeplus collinus and C. casuarinoides belong to different pollen types and this study could not support the hypothesis proposed by Forster (1995) .
Evolution of pollen characters within the subtribe Neoguillauminiinae
Recent molecular phylogenetic analysis have shown that tribe Euphorbieae is divided into three subtribes, the earliest divergence of subtribe Anthosteminae, which is the sister-group relationship of the remaining two subtribes (Steinmann and Porter, 2002) (Fig. 3) . Fig. 3 . Two conflicting, equally parsimonious reconstructions of the pollen character distribution on the simplified phylogenetic tree of the tribe Euphorbieae represented by Steinmann and Porter (2002) . A. Two parallel occurrences of micro-reticulate state from reticulate pattern of pollen grain. B. One reticulate to micro-reticulate state change and a secondary loss of micro-reticulate state. Ki-Ryong PARK Typical pollen grains of the species belonging to tribe Euphorbieae are 3-colporate with a thick colpus margin developed and exine characterized by the tactate-perforate patterns (Suárez-Cervera et al., 2001; Park and Lee, 2013) . Among the tribe Euphorbieae, the subtribe Anthosteminae, the most basal clade within the tribe, consists of two genera, Anthostema and Dichostemma, and their pollen grains are reticulate (Park and Lee, 2013) . Among the remaining two subtribes, pollen grains belonging to the subtribe Euphorbiinae are predominantly perforate, while species of the subtribe Neoguillauminiinae exhibit a variety of pollen grains of perforate, microreticulate and reticulate patterns (Suárez-Cervera et al., 2001; Park and Lee, 2013) . Therefore, it is considered to be the most parsimonious hypothesis that the reticulate exine is regarded as the primitive character state of the tribe Euphorbieae, and the remaining microreticulate or perforate patterns are presumed to be derived from this.
Within the subtribe Neoguillauminiinae there are two equally parsimonious hypotheses about the evolution of exine characters. One is the case of two changes of microreticulate through parallel evolution from the primitive reticulate exine (T1 and T2 in Fig. 3A) , and the other case is that the microreticulate pattern is differentiated from the reticulate state and then reversed to the reticulate pollen grains (Fig. 3B) . In both cases, it is possible to evolve into the same stage of transformation. In all of the above two hypotheses, it can be assumed that the perforate pollen type (T3) was derived through a single evolution within the subtribe Neoguillauminiinae.
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